• Pleated mechanical filters reduce the risk of contamination of the machine side of the filter more effectively than electrostatic filters • Risk of contamination of the machine side of the BSF is increased if there are high ventilatory pressures (eg coughing) • The BSF should be considered as a contributing factor whenever there is difficulty ventilating a patient • BSFs are at higher risk of obstruction if airway secretions are increased, nebulised drugs are given, a humidified circuit is used, or the device is below the patient's airway (eg prone)
Definitions and abbreviations:
• BSF: Breathing System Filter • HME: Heat & Moisture Exchange 
Recommendation:
Where an anaesthetic circuit will be used for multiple patients, the circuit should be protected by a new breathing system filter for each patient. This filter should have a liquid penetration pressure of greater than 60 hPa, or at least 20 hPa above the maximum ventilation pressure in the anaesthetic system. Currently, this requires the use of a pleated hydrophobic mechanical filter.
The risk of cross-contamination of patients via anaesthetic equipment rose to prominence following a series of hepatitis C cases in 1993 where the anaesthetic circuit was the most likely fomite [4] . Since then BSFs have commonly been included in infection-control policies for anaesthesia [15] - [17] , but there are exceptions. For example, in the USA they are only explicitly recommended when a patient has tuberculosis [12] , [18] . Unfortunately, even when a BSF is recommended, the guidelines are often lacking in detail about what features and specifications are required, or even desirable. Rather, they just state that one should be used. There is also ongoing disagreement over how high the risk of cross-contamination is in the absence of a BSF, as well as how much this risk is reduced when one is present [12] , [19] - [21] .
But once the decision to use a BSF has been made, the question then becomes, "Which one?". While all the properties of a filter will influence this decision, there appears to be a factor of particular relevance to the question of which BSF will best protect the circuit from contamination if you intend to use it for another patient. It is related to a significant difference inherent in the design of the two broad categories of filters, namely "mechanical" and "electrostatic". The issue of concern is the pressure required to force liquid through the filter [22] , and it was an observation of this difference by an anaesthetic staff member at John Hunter that triggered the discussion that prompted this report.
According to BSF manufacturers, both classes have comparable filtration efficiencies [23] , however their testing methods differ, making it difficult to compare products using this data [24] . However, when compared using standardised test conditions, mechanical filters will generally outperform electrostatic filters [6] , [24] , and there is some evidence that mechanical filters are more effective at preventing contamination of the circuit [25] , especially by viruses [24] , [26] - [28] . This difference is even more pronounced in wet conditions. As a BSF gets wet the resistance to flow, and therefore airway pressure, tends to increase [29] , [30] . This rise in pressure is greatest in electrostatic BSFs, and as more liquid is added, the pressure continues to rise until the filter is breached and liquid is ejected through it. Often, once the BSF has been breached, liquid can pass
Breathing System Filters Report 20-06-17 Rhys Thomas, Anaesthesia Quality & Safety Fellow John Hunter Hospital, Newcastle, Australia 3 through it freely [22] . Of particular concern is the fact that this ejection pressure is usually well within the range of airway pressures experienced during anaesthesia, especially if the patient coughs, or mechanical ventilation is used [31] . If liquid does penetrate the filter, then any microbes in the liquid will go with it, thus contaminating the circuit and putting the next patient at risk of infection. As for mechanical filters, the pressure increase observed with the addition of liquid is less, and a greater volume of liquid needs to be added for the pressure rise to occur. The pressure required to breach a mechanical filter is also much higher, and is usually well outside the range of airway pressures experienced clinically, and when it is breached, liquid tends to flow through more slowly than with an electrostatic filter [22] . However, this higher breakthrough pressure means that, if enough liquid is added, complete obstruction can occur. This prompted one author to raise the question as to whether it is clinically preferable to prevent passage of liquid secretions and risk occlusion or to allow the passage of such fluids and risk contamination [32] . It should be noted however that airway obstruction due to BSFs is not limited to mechanical filters [33] , [34] , and it could be argued that the readily apparent risk to patient safety caused by filter occlusion is "preferable" to the potentially undetectable infection risk caused by liquid contamination of the circuit. This latter concern is heightened because it is often harder to detect accumulation of water in electrostatic filters than in mechanical ones [30] , and given that the same circuit is used for up to seven days, a contaminated circuit will potentially expose dozens of patients to this increased risk of infection. Furthermore, once the circuit has been contaminated, the anaesthetic machine itself is exposed to an increased risk of contamination, and if that occurs, exposure of subsequent patients to the risk of cross-infection will remain even after the circuit is changed. Of course, in order for a subsequent patient to be exposed to any contaminant, some microbes from the circuit or the machine will need to pass back through the new filter, and while this double transfer seems unlikely [35] , it nonetheless represents a latent condition that may one day contribute to patient harm. This significant difference between mechanical and electrostatic filters has led to the recommendation that mechanical filters be used in preference to electrostatic filters, especially with circle breathing systems utilising low flows where condensation in the circuit is common [31] , [36] . The German Society for Anaesthesiology and Intensive Care has recognised this issue and has actually specified the pressures that a BSF must be able to withstand before being breached [15] , which is a de-facto recommendation for a mechanical filter given their superior performance in that regard.
So, if the primary reason for the use of a BSF is to allow reuse of the circuit for multiple patients, then a mechanical filter will provide the best defence against contamination of equipment, and therefore against cross-contamination between patients. In general, mechanical filters are more expensive than electrostatic filters, however this cost will be more than recovered by the savings achieved by reusing a circuit for multiple patients.
Consideration also needs to be given to the role that BSFs can play in warming and humidifying inspired gases, i.e. heat and moisture exchange (HME). This is important as the upper airways, which normally warm and humidify inspired air, have been bypassed, and delivery of cold, dry air to the lower respiratory tract for a prolonged period can cause significant problems [31] . Some BSFs have a degree of intrinsic HME capability, while others will have an additional HME component added, or there will be some modification made to the filtration component to improve its HME performance [23] , [37] . If a BSF has both HME and filtration functions, then, not surprisingly, it is termed an HMEF. Wilkes has suggested a minimum target for moisture output of 20 g.m 3 for short-duration use in anaesthesia, and 30 g.m -3 for longer term ICU ventilation [31] .
Breathing System Filters Report 20-06-17 Rhys Thomas, Anaesthesia Quality & Safety Fellow John Hunter Hospital, Newcastle, Australia Unfortunately, a lot of manufacturers haven't measured or don't provide the moisture output of their products, and even when they do, it needs to be remembered that the HME performance will be affected by tidal volumes, duration of use, size, as well as the temperature and humidity of expired air, so there can be some discrepancy between in vitro and in vivo performance [38] . It should also be noted that a circle breathing system can provide a significant degree of warming and humidification to the air passing through it, especially at low flows [31] , [39] , [40] , as a result of the exothermic, water producing reaction between the carbon dioxide and the absorbent.
Finally, there are a number of potential complications and safety concerns that need to be considered, and that practitioners need to be mindful of. Any kind of BSF will provide an additional point of potential circuit disconnection, and as previously alluded to, an additional point of airway obstruction [33] , [34] , [41] , [42] , including by foreign bodies [42] . There have also been reports of BSFs affecting ventilator triggering and alarms [43] . These points are particularly pertinent given that BSFs are often not visible or easily accessible because they are underneath drapes, or close to the surgical field. Also, the risk of BSF obstruction is increased whenever the device is below the level of the patient's airway (e.g. prone surgery), as then any liquid in the circuit will flow into the filter [44] . There is also the concern, depending on the size, weight, shape and location of the filter, that they can exert excessive pressure on the patient's skin, or cause traction or torque of the circuit, especially if they have square corners or parts protruding from the housing. Particular care also needs to be taken with patients who are coughing, have significant airway secretions or pulmonary oedema, and it is generally recommended that a BSF should not be used if there is active humidification of the circuit, or nebulised medications are being given. While these concerns are common to all BSFs, there are some features to look for that may decrease these risks, or make it easier to identify problems. For example, using a filter with transparent housing will make it easier to identify fluid accumulation or foreign bodies. There are also BSFs available with rounded edges, and if possible, it would be advisable to use a filter where the gas sampling port has a tethered cap to reduce the risk of the cap falling into the breathing circuit and causing obstruction [40] , [45] . In addition to this, if the packaging and caps are brightly coloured (increasing their visibility), this might also decrease the risk of obstruction, or at least make identification of the cause easier [46] , [47] .
Conclusion:
While some questions remain unanswered or would benefit from further clarification, it is clear that mechanical BSFs outperform electrostatic versions when it comes to protecting the anaesthetic circuit from contamination. While some consideration needs to be given to other features such as moisture output, cost, dead space etc, it would seem that the best approach would be to use these secondary considerations as a way to discriminate between the multiple varieties of mechanical filters, which are the most appropriate option to address the primary consideration of preventing cross-infection between patients.
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